Low-temperature specific heat of the monolayer high-Tc superconductor Bi2Sr2−xLaxCuO 6+δ has been measured close to the optimal doping point (x ∼ 0.4) in different magnetic fields. The identification of both a T 2 term in zero field and a √ H dependence of the specific heat in fields is shown to follow the theoretical prediction for d-wave pairing, which enables us to extract the slope of the superconducting gap in the vicinity of the nodes (v∆, which is proportional to the superconducting gap ∆0 at the antinodes according to the standard d x 2 −y 2 gap function). The v∆ or ∆0 (∼ 12 meV) determined from this bulk measurement shows close agreement with that obtained from spectroscopy or tunneling measurements, which confirms the simple d-wave form of the superconducting gap.
I. INTRODUCTION
In the study of high-T c cuprate superconductors, lowtemperature specific heat (LTSH) has proven to be a helpful tool in identifying the d-wave symmetry of the superconducting gap.
1,2 In zero magnetic field, the quasiparticle density of states of a d-wave superconductor shows a linear energy dependence owing to the presence of line nodes, which is expected to give rise to a T 2 temperature-dependent electronic specific heat. In magnetic field H, an energy shift (Doppler shift) to the nodal quasiparticle spectrum becomes important, and the electronic specific heat of a d-wave superconductor is predicted to have a characteristic √ HT dependence.
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In LTSH experiments on high-T c cuprates, although it still seems to be somewhat controversial in the identification of the T 2 electronic specific heat in zero field (partly owing to its small magnitude), 1,2,4 the √ HT -dependent specific heat in fields has been widely recognized in both YBa 2 Cu 3 O 7−δ (YBCO) and La 2−x Sr x CuO 4 (LSCO), 1,2 hence providing the bulk evidence for d-wave pairing in these prototypical high-T c compounds.
Recently, more detailed work showed that a key parameter of the d-wave superconducting gap, i.e., the gap slope in the vicinity of the nodes v ∆ , also can be quantitatively determined from LTSH. [5] [6] [7] This makes LTSH an effective measure of the superconducting gap maximum at the antinodes, ∆ 0 , which is proportional to the v ∆ according to the standard d x 2 −y 2 gap form ∆ = ∆ 0 cos(2φ), as exemplified by experiments on LSCO across a wide doping range. 7 The determination of the superconducting gap from LTSH has the merits that it is sensitive to the gap structure near the nodes by probing the low-energy quasiparticle excitations and it reflects the bulk property of the sample. A comparison of it with more traditional gap measurements such as spectroscopy or tunneling may give valuable insights into the superconducting state.
In light of the above, we present in this paper the LTSH experiment on a monolayer high-T c cuprate superconductor Bi 2 Sr 2−x La x CuO 6+δ (La-Bi2201).Up to now, the field-dependent LTSH study to identify the d-wave pairing effect has seemed to be lacking for this material.
1,2
On a single-crystal sample with a doping level close to the optimal (x ∼ 0.4), we have resolved a T 2 electronic specific heat in zero field and a √ HT -dependent electronic specific heat in fields, both in conformity with the d-wave pairing theory. This has then allowed us to quantitatively determine the v ∆ and a superconducting gap amplitude ∆ 0 of ∼12 meV for the sample. The v ∆ or ∆ 0 is found to show reasonable agreement with that determined by angle-resolved photoemission spectroscopy (ARPES) or scanning tunneling microscopy (STM) for La-Bi2201 at the optimal doping level.
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II. EXPERIMENT
The La-Bi2201 single crystal with x ∼ 0.4 and a mass of 10.2 mg was grown by the traveling solvent floatingzone method as reported elsewhere. 13 The T c of the sample is 28 K, defined by the onset of the magnetization in an ac susceptibility measurement.
14 The LTSH measurement was performed using a thermal relaxation method, as described in detail previously. 15 It was done in an Oxford Maglab cryogenic system in the temperature range 2.5 − 10 K and in magnetic fields up to 12 T (H c axis). The heat capacity of the addenda was measured separately and was ∼30% of that of the sample in the measured temperature range. The chip thermometer has been calibrated in fields and the heat capacity of the addenda is mostly due to phonons and hence shows nearly no field dependence.
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III. DATA AND ANALYSIS Figure 1 shows the specific heat of the sample in zero field. We found it could be well fitted by the formula C = β 0 T 3 + η 0 T 5 with β 0 and η 0 representing the coefficient of the phonon T 3 term and T 5 term respectively. The fit is shown by a solid line in Fig. 1 and Table I lists the parameters β 0 and η 0 . This indicates that in zero field the specific heat comes mainly from phonon excitations. Note that the β 0 for the present sample is roughly five or eight times larger than that reported for optimally doped YBCO or LSCO, respectively, 16,17 reflecting a substantially greater phonon specific heat for La-Bi2201. From β 0 the Debye temperature Θ D is calculated as 226 K. A residual linear specific heat, γ(0)T , is usually observed for YBCO and LSCO in zero field, 1,2,7 while for our La-Bi2201 crystal, the above fit suggests that such a term should be close to zero. This can be further illustrated by the inset of Fig. 1 . In plot of C/T vs T 2 , it is seen that the 0-T data show a nearly zero intercept on the C/T axis at T = 0 K, indicating a negligible γ(0)T term. It is worth noting that a nearly zero γ(0) has also been reported previously for La-free Bi2201 and Bi 2 Sr 2 CaCu 2 O 8+δ (Bi2212) single crystals. 18, 19 The reason why the γ(0)T is shown for YBCO and LSCO while not for most Bi-based cuprates at the optimal dop- ing level is presently not clear.
2 In the inset of Fig. 1 , we have also shown the specific heat in a field of 12 T. A nearly parallel shift to the zero-field data, though small, can be readily seen. This gives a finite intercept on the C/T axis for 12-T data and hence implies that there is a field-induced linear-T specific heat, γ(H)T .
One may note that no αT 2 term expected for a dwave superconductor is contained in the above fitting to the zero-field data. This is because we found that if we allowed it to be in the fit, we would obtain a negative value of the coefficient α. In fact, previous studies have shown that it is usually difficult to identify the T 2 term by fitting the zero-field data alone because this term is expected to be rather small and could be easily concealed by the large phonon specific heat. 16, 17 Using the data in different fields together to more accurately determine the phonon contribution is required to give a reliable evaluation of the αT 2 term. 2 Therefore, to correctly identify the T 2 term in zero field and determine the linear-T specific heat in fields, we have performed a global fit to all the LTSH data, 16 in which the zero-field data set is fit to
and the in-field data sets (µ 0 H ≥ 0.5 T) are fit to In this global fit, all data sets are fit simultaneously to Eqs.
(1) and (2) with a weighted-least squares criterion [minimizing ( Fig. 2 shows the difference between the data and the fit, from which the total rms deviation of the data from the fit was calculated to be 1.1%.
The parameters yielded from this fit are listed in Table I, with 90% statistical confidence levels. Unlike the single fit to zero-field data, the α determined from the global fit is positive, supporting the existence of a T 2 term in zero field. It is noted that the size of the α is comparable to that determined for optimally doped YBCO or LSCO. 3 It is seen that the solid line gives a reasonable description to the γ(H), suggesting that the field-induced specific heat essentially follows the predicted √ HT dependence, in line with the observation in YBCO and LSCO.
1,2,7 This, alongside the presence of an αT 2 term in zero field, provides evidence for the dominance of d-wave symmetry in the superconducting gap in optimally doped La-Bi2201. Note that although the dwave pairing has been probed for La-Bi2201 by other experimental techniques such as ARPES, [8] [9] [10] [11] [12] present LTSH findings confirm that it is a bulk property of the sample.
A more quantitative analysis can be made. Within a dwave framework, the magnitude of the αT 2 term depends on the density of states near the gap nodes, and hence correlates with the nodal gap slope, v ∆ , which characterizes how steeply the gap opens around the nodes. Specifically, the coefficient α can be expressed as
where ζ(3) ≃ 1.2, k B is Boltzmann's constant,h is Planck's constant, n is the number of CuO 2 planes per unit cell, d is the unit-cell size along the c axis, V mol is the mole volume of the unit cell, and v F is the Fermi velocity at the nodes. specific heat A √ HT of a d-wave superconductor comes from the Doppler shift of the quasiparticle states (owing to the superfluid flow around the vortices) in the vicinity of the nodes, 3 its magnitude is also sensitive to the v ∆ . The relation between the prefactor A and the v ∆ is given by
where Φ 0 is magnetic flux quantum and a = 0.465 for a triangular vortex lattice. 1, 21, 22 Equations (3) and (4) explicitly show that with the α or A determined in the experiment, one can in principle extract the v ∆ from LTSH with no adjustable parameters, which is quite helpful because, according to the standard d-wave form ∆ = ∆ 0 cos(2φ), one can further obtain a more familiar quantity, i.e., the superconducting gap maximum ∆ 0 at the antinodes, via 2∆ 0 =hk F v ∆ , where k F is the Fermi wave vector along the nodal direction (0, 0) − (π, π).
For La-Bi2201, n = 2, d = 24.4Å, and V mol = 106.8 cm 3 . A recent ARPES experiment on optimally doped La-Bi2201 showed that along the nodal direction v F ≃ 2.7 × 10 5 m s −1 , and k F ≃ 0.74Å −1 . 23 Using these parameters and the α or A as shown in Table I , we obtain ∆ 0 ≃ 13 ± 5 meV or ≃ 10.4 ± 0.7 meV according to Eq. (3) or (4), respectively. It is seen that both determinations of the ∆ 0 , which are largely independent, show a fairly good consistency, although the former has a larger uncertainty owing to the larger uncertainty in determining the α. This further validates the analysis of the LTSH data within the d-wave pairing theory. From ∆ 0 ≃ 10.4 ± 0.7 meV, which is determined from the field dependence of the specific heat and hence has a higher degree of accuracy, one can have a gap-to- 
IV. DISCUSSION
Focusing on La-Bi2201 at the optimal doping level (x ∼ 0.4), it is instructive to compare the ∆ 0 determined here to what has been measured by other experimental techniques such as ARPES and STM. In an early ARPES experiment, 8 an antinodal superconducting gap of 10±2 meV was observed, which shows good agreement with the LTSH result. This agreement confirms that the superconducting gap essentially follows the simple d-wave form because in ARPES the ∆ 0 is measured directly at the antinodes while in LTSH it is derived from the nodal gap slope v ∆ with the assumption ∆ = ∆ 0 cos(2φ). In several recent ARPES studies, it was found that from nodes to antinodes the superconducting gap can indeed be well fitted by the simple d-wave form with ∆ 0 of 13.5 meV (Refs. 10 and 11) or 15.5 meV.
12 In a recent STM experiment, 11 an averaged superconducting gap of 11.4 ± 4 meV was determined from spatial conductance maps. We can see these reports on ∆ 0 agree quantitatively with the LTSH result as well. In Fig. 4 we have plotted the ∆ 0 for near optimal-doped La-Bi2201 inferred from LTSH [according to Eq. (4)] and aforementioned ARPES and STM studies, 8, [10] [11] [12] where the doping level of the sample (p ∼ 0.16) is determined by the empirical relation 27, 28 between p and the reported La content. Unlike the above-compared ARPES experiments,
8,10-12 Kondo et al.
reported an antinodal gap as large as ∼40 meV below T c in optimally doped (Pb,La)-Bi2201 and ascribed it to the presence of a pseudogap with a nonsuperconducting origin. 9 To compare LTSH with such an ARPES experiment where a different energy scale other than the superconducting gap seemed present at the antinodes, 31 one needs to focus directly on the v ∆ near the nodes. In fact, in the work of Kondo et al., it was shown that an extrapolation of the gap measured around the nodes under the standard d-wave form would yield a gap amplitude of ∼15 meV at the antinodes, 9 suggesting that the v ∆ they probed is also comparable to that obtained in LTSH. This further helps reveal that, whether a large pseudogap was detected or not at the antinodes below T c , in recent ARPES measurements 9-12 the superconducting gap determined near to the nodes exhibited consistent behavior, i.e., a quite similar nodal gap slope.
The above comparison shows that LTSH provides a reliable determination of the superconducting gap in LaBi2201 at the optimal doping level, mimicking our previous observation in LSCO at various doping levels. As pointed out earlier, in recent work we have also deter- mined the superconducting gap in LSCO across a wide doping range by probing the field dependence of the LTSH. 6, 7 In the overdoped regime, the obtained ∆ 0 was found to show a quantitative agreement with that derived from other experimental techniques such as scanning tunneling spectroscopy (STS). 7 In the doping range from slight overdoping to underdoping, Fig. 4 shows that in LSCO the ∆ 0 obtained from LTSH is also well confirmed by STS or recent ARPES measurements. 29, 30 Hence this illustrates the applicability of extracting the superconducting gap from LTSH across nearly the whole superconducting phase diagram of LSCO. Note that it also indicates a growing of the v ∆ below optimal doping toward the underdoped regime, 6 and that the superconducting gap basically retains the simple d-wave form with diminishing p (at least down to p ∼ 0.11), which is of importance particularly in the context of a recent debate on the gap property of the underdoped high-T c cuprates.
31
In view of these findings in LSCO, we believe it would be appealing in the future to explore the LTSH of La-Bi2201 at more doping levels, with the expectation of acquiring the doping dependence of the superconducting gap in this archetypal cuprate from a bulk, thermodynamic method.
V. CONCLUSION
In summary, we have measured the LTSH in different magnetic fields in near optimally doped La-Bi2201. By performing a global analysis of the data, we have identified a T 2 electronic specific heat for H = 0 and a √ HT electronic specific heat for H = 0, as suggested for a dwave superconductor. This provides the bulk evidence for d-wave pairing in optimally doped La-Bi2201, joining previous findings in YBCO and LSCO.
1,2,7 Moreover, we have quantitatively determined the slope of the superconducting gap v ∆ near the nodes and its amplitude ∆ 0 (∼ 12 meV) at the antinodes according to the standard d x 2 −y 2 form, which show close agreement with the results of ARPES and STM. [8] [9] [10] [11] [12] As shown in LSCO, 6,7 the present study further demonstrates the virtue of LTSH as a bulk method to probe the superconducting gap near the nodes in high-T c cuprates.
